ABSTRACT
Introduction
Measurements of molecular biomarkers are useful for determining the impact of water-borne contaminants on living organisms in the aquatic environment. The use of biomarkers also addresses some of the disadvantages of other water quality assessment techniques, such as the ineffectiveness of chemical and physical analyses to deal with dilution and dispersion of chemicals in the ambient environment that reduce concentrations below analytical detection limits [1] . Since the ambient environment may also alter the availability of chemicals for uptake by living organisms [2] , the complexity of chemical mixtures, distribution, and interactions with other environmental factors makes it difficult to estimate the impacts of pollutants on living organisms. Although the problem with mixtures may be addressed through use of bioassessments, these studies primarily examine a single end point, such as reproduction, lethality (as LC 50 ), and behavioral changes; and while these are clearly defined and frequently used, they may be inadequate in terms of sensitivity, duration, and accuracy [3] . Because of their focus on the toxicity of pollutants [4] , bioassessments may miss subtle metabolic changes that can be picked up by molecular biomarkers.
One important and useful molecular biomarker is induction of cytochrome P450 (CYP1) enzyme, measured as ethoxyresorufin-O-deethylase (EROD) activity, which is involved in metabolism of a variety of drugs and xenobiotics, such as polycyclic chlorinated biphenyls (PCBs) [5] and polycyclic aromatic hydrocarbons (PAHs) [6] , in higher eukaryotic organisms. Since the CYP1 enzyme is involved in Phase I metabolism of xenobiotics in an organism, it can rapidly respond to the presence of xenobiotics [2] . Induction of CYP1 and EROD activity in fish are well-known indicators of exposure to chemical pollutants.
At present, many issues are still involved in predicting the impact of contaminants in natural environments, including 1) determining biomarker levels in situ doesn't necessarily identify the causative agents; 2) sufficient numbers of exposed organisms might not be available at the field site; 3) reference sites are not always as "clean" as desired; and 4) the difficulty of distinguishing background from exposure effects. Although laboratory microcosms and mesocosms are attempts to address these issues, it is impossible to replicate the actual in situ exposure conditions.
Few studies have been concerned with domestic waste water EROD induction [7] . In addition, only a few studies have compared results for EROD induction following exposure to the same wastewater effluent in both field and laboratory settings. For example, Munkittrick et al. [8] measured EROD induction in white sucker (Catostomus commersoni) following in situ and ex situ exposure to treated paper mill effluent, but failed to maintain constant testing conditions such as water chemistry and duration of exposure for both exposures. Munkittrick et al. [8] did, however, reference unpublished research where a 300-fold higher EROD activity was found in in situ caged rainbow trout compared to ex situ exposure to WWTP effluent. These results suggest that there were significant differences in the water quality in the field compared to the laboratory. Therefore, the issue remains as to whether controlled laboratory studies are adequate predictors of EROD induction in the field.
The City of Troy (Alabama) Wastewater Treatment Plant (TWWTP) treats wastewater to the secondary level before it discharges into Walnut Creek under a National Pollutant Discharge Elimination System (NPDES) permit issued by the Alabama Department of Environmental Management (ADEM) [9] . Walnut Creek is a tributary to the Choctawhatchee River and is classified for fish and wildlife use [10] . The "fish and wildlife" classification is given to a water body that can support aquatic life, but is not suitable for human consumption as drinking water [10] . In a 1997 monitoring study by ADEM, Walnut Creek downstream of the TWWTP showed increased concentrations of chloride, zinc, nutrients, and diazinon. Significant levels of some chemicals, such as lead and diazinon, exceeded acute and chronic toxicity levels [11] . Variables, such as total alkalinity, hardness, total dissolved solids, and conductivity, had increased concentrations downstream of the TWWTP when compared to water upstream of the facility. Based on chemical water quality, macroinvertebrate indices, and results of short term and chronic studies using Ceriodaphnia dubia, Walnut Creek downstream of the TWWTP has been characterized as moderately impaired [10] .
Previous laboratory research done at Troy University with channel catfish examined the levels of EROD activity following exposures to different water samples. These samples included water from upstream of the TWWTP at Walnut Creek, from the mixing zone of the TWWTP at Walnut Creek, as well as water from a supposed reference site [12, 13] . Exposure to mixing zone water significantly induced (more than three-fold) EROD activity in channel catfish over upstream water exposure; however, greater mortality was observed in fish exposed to upstream water. Although the cause of death was not established, standard water quality parameters (biochemical oxygen demand, pH, turbidity, phosphorus, nitrates, total solids, electrical conductivity, hardness, total alkalinity, and metals) in upstream water were less, and in most cases significantly less, than in water from the TWWTP mixing zone. With the exception of higher suspended solids in water from the reference site over water from Walnut Creek upstream, water quality at both sites was the same. However, exposure to water from the reference site induced more than two-fold EROD activity in channel catfish over exposure to water from Walnut Creek upstream. This study suggested that establishing a baseline EROD level in catfish, as well as doing a controlled comparison of laboratory versus field exposures were necessary for adequate interpretation of future studies involving impact of TWWTP effluent on channel catfish [12] .
Catfish are an economic species with production representing the largest segment of North American aquaculture [14] . Given the importance of catfish as a protein source for humans, pollutant intake by catfish has both a direct and indirect effect on human socio-economics and health. The purpose of the current study was to evaluate hepatic CYP1 induction and EROD activity in channel catfish as a means to assess the environmental impact of TWWTP effluent on Walnut Creek. The objectives of this study were 1) to establish a baseline EROD level in channel catfish, 2) to determine the level of EROD activity following exposures to TWWTP effluent, 3) to compare EROD activity for in situ (field) and ex situ (laboratory) exposure conditions, and 4) to compare CYP1 gene expression in relationship to EROD activity.
Materials and Methods

Exposure Conditions
The five exposure conditions for this study consisted of 1) Walnut Creek, 1.6 km upstream of the TWWTP in the field (upstream field, UF); 2) Walnut Creek at the TWWTP effluent mixing zone (treatment field, TF); 3) water from Walnut Creek upstream in the laboratory (upstream lab, UL); 4) water from Walnut Creek at the TWWTP effluent mixing zone in the laboratory (treatment lab, TL); and 5) City of Troy dechlorinated tap water in the laboratory (tap water, TP).
For in situ exposures, rectangular cages (0.9 m × 0.6 m × 0.3 m) were constructed using 33.4 mm diameter polyvinyl chloride (PVC) piping covered with 9.5 mm plastic mesh. Three cages were placed in the Walnut Creek upstream site, and three cages were placed in Walnut Creek at the TWWTP effluent mixing zone.
Forty-liter polypropylene tanks were used for ex situ exposures (Troy University Laboratory), with three replicates used for each exposure condition -Walnut Creek upstream (UL), TWWTP effluent mixing zone (TL), and dechlorinated tap water (TP) -for a total of nine tanks. Sufficient quantities of Walnut Creek upstream water and TWWTP effluent mixing zone water were transported to the laboratory at the beginning of the study, and fresh water from the field sites was replenished every three days during the course of the study. Three days prior to placing fish in exposure tanks, and at 3-day intervals, the City of Troy tap water was dechlorinated by treating with TetraAqua TM AquaSafe® water conditioner. Nine additional forty-liter polypropylene tanks were alternated with the original tanks and filled with fresh water for the three exposure conditions at 3-day intervals. Polypropylene tanks were thoroughly washed and dried before filling with water. Fish were netted and transferred to respective tanks. Water in all tanks, including preconditioned tap water, was aerated and recirculated continuously without filtration.
Treatment of Animals and Sample Preparation
Channel catfish fingerlings, of mean length 8.58 cm (1.4 SD) and mean weight 11.05 g (3.64 SD), were purchased from Lake Geneva Fish Hatchery (Geneva, AL). Fifty randomly selected channel catfish fingerlings were placed in each tank or cage in laboratory and field locations respectively, with acclimation occurring during the first three days of the study. In the laboratory, catfish were maintained on a 12-hour daylight and 12-hour night photoperiod and were fed ad libitum every three days with floating catfish food pellets purchased from the hatchery. In the field, three cages were placed at equal intervals across Walnut Creek at the upstream and mixing zone locations. Every three days catfish food pellets were scattered in the cages and over the creek surface where cages were placed. Five fish were randomly netted from each tank and cage on days 1, 3, 6, 9, and 13, and placed in separate labeled containers. All collected fish were investigated for any abnormalities and sacrificed with a blow to the back of head. Fish were measured for total length and total weight. Livers were excised, rinsed of blood in cold buffer (0.15 M KCl), blotted dry with paper towels [15] , and weighed. The five livers collected from each individual replicate cage or tank were pooled to form a single sample, therefore each treatment/location had triplicates made of five pooled catfish livers. A total of 75 fish or 15 pooled samples were collected on each sampling day. Liver samples were divided into two parts (one half for microsome preparation and one half for quantitative real-time reverse transcription polymerase chain reaction), put into centrifuge tubes, and immediately stored at −80℃ until needed for analysis. Fish were handled and treated humanely as required by the Animal Research Review Board, Troy University (Troy, AL).
Microsome Preparation
Microsomes were prepared as described by Burke and Mayer [15] , wherein each pooled liver sample was placed in 4 ml cold homogenization buffer (0.05 M Tris -0.15 M KCl; pH 7.8) per gram weight of liver tissue. Samples were homogenized with two 5-second bursts of the Sonic Dismembrator (Fisher model 100). The homogenates were centrifuged in a Sorvall ® RC 26 Plus centrifuge at 12,000 g at 4℃ for 15 minutes. The resulting supernatants were centrifuged at 100,000 g at 4℃ for 60 minutes to sediment microsomes (Beckman L8-80M Ultracentrifuge, Beckman Coulter, Inc., Fullerton, CA). Pellets were re-suspended in 1 ml re-suspension buffer (0.1 M potassium phosphate, 0.5 mM DTT, 1 mM EDTA, and 20% glycerol; pH 7.4). Ethylenediamine tetraacetic acid (EDTA) was purchased from Fisher Scientific International, Inc. (Fairlane, NJ) and dithiothreitol (DTT) was purchased from Pierce Biotechnology (Rockford, IL). Microsomal preparations were separated into two parts (one half to be used for EROD analysis and one half for protein analysis) and stored at −80℃ until the assays were completed [16] .
Protein and Enzyme Assays
The protein concentrations of microsomal preparations were determined using the BCA™ Protein Assay Kit (Pierce Inc., Rockford, IL) against bovine serum albumin as the standard [17] . Microsomal preparations were diluted 10-fold in deionized-distilled water in order to reduce interference from the glycerol buffer [18] . Standards and samples were prepared and analyzed as de-scribed in the BCA™ Protein Assay Kit test tube procedure using a BioPhotometer (Eppendorf Inc.) at a wavelength of 562 nm (pre-set for BCA). Based on the standards curve, protein concentrations for each sample were measured and read directly on the BioPhotometer.
Assessment of EROD activities induced under the five exposure conditions were evaluated fluorometrically. Samples and reagents were prepared according to the procedure described by Chan [16] . Assay chemicals, 7-ethoxyresorufin, resorufin sodium salt and nicotinamide adenine dinucleotide phosphate hydrogenated (NADPH), were purchased from Sigma Chemical Company (St. Louis, MO), and Tris was purchased from Angus Buffers and Biochemicals (Niagara Falls, NY). Reaction mixtures were prepared by mixing 20 µl of each microsomal preparation with 150 µl of 2.67 µM 7-ethoxyresorufin solution in TN buffer (50 mM Tris and 0.1 M NaCl; pH of 7.8). The reaction was initiated in each mixture by adding 40 µl of 5 mM NADPH in TN buffer. Triplicate wells were prepared for each reaction mixture on 96-well microplates (Falcon TM ), along with triplicate resorufin standards in concentrations ranging from 2 to 200 nmol. Fluorescence levels on microplates were measured on the Cytofluor™ 2350 plate reader at an excitation wavelength of 530 nm and emission wavelength of 590 nm at two sensitivities (3 and 4) as described by Rice and Roszell [18] . Microplates were scanned four times at 15 minute intervals.
The concentrations of resorufin in samples were determined by 1) using the fluorescence measurements for resorufin standards to construct a resorufin-fluorescence curve and equation for the curve, 2) subtracting sample blank fluorescence from sample fluorescence, and 3) substituting these differences in the standards curve equation to calculate the amount of resorufin per minute in each sample.
Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
Since fluorometric analyses of liver samples showed significant EROD induction for both field and laboratory exposures to TWWTP effluent on day 9, samples for all exposures on this day were selected for further analyses of CYP1B gene expression using quantitative real-time reverse transcription polymerase chain reaction at the U. S. Department of Agriculture Bovine Functional Genomics Laboratory (Beltsville, Maryland). Triplicate samples for each exposure were analyzed. Four additional metabolism associated genes (metallothionein II, ferritin, P450 aromatase, and superoxide dismutase 2) were analyzed, along with 18S ribosomal RNA as a control.
Liver samples were homogenized in TRIZOL ® Reagent (Invitrogen Corporation, Carlsbad, CA) and treated with 10 units of DNase I (Ambion Inc., Austin, TX) per 100 µg total RNA at 37℃. Total RNA was purified following the manufacturer's instructions (Qiagen Inc., Valencia, CA). The concentration of each total RNA sample was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Rockland, DE) and adjusted at 110 ng/µl. Complementary DNA (cDNA) was synthesized using an iScript™ cDNA Synthesis Kit at 2 µg scale following the manufacturer's instructions (Bio-Rad Laboratories Incorporation, Hercules, CA). Primer sequences ( Table 1) for 18S (used as reference gene), metallothionein II, ferritin, P450 aromatase, and superoxide dismutase 2 were designed using Bio-Rad primer design software. Primers (Table 1 ) specific for the Ictalurus punctatus CYP1 gene were designed by Oligonet (Gaithersburg, MD). Real-time RT-PCR analysis was performed using an iQ™ SYBR ® Green Supermix Kit (Bio-Rad) using 200 nM of each primer and first strand cDNA (total input of RNA was equivalent to 100 ng) in a 25 µl reactionmixture. The iCycler iQ™ Real Time PCR Detection System (Bio-Rad) was used: 95℃-60 sec; 40 cycles of 94℃-15 sec, 60℃-30 sec, and 72℃-30 sec. Relative gene expression data was cal-culated using the 2 -ΔΔCT method [19] . Expression levels of six genes were initially normalized to 18 s ribosomal RNA expression within each sample, and 18 s ribosomal RNA levels were within 0.5 Ct between samples.
Water Quality Analyses
Water temperature, percent dissolved oxygen, turbidity, salinity, specific conductivity, dissolved oxygen, and pH were measured for all exposures at field and laboratory sites every three days throughout the study using the Hydrolab Quanta® (Hach Environmental Corp., Loveland, CO).
Water samples were collected in acid-cleaned glass jars from Walnut Creek upstream, Walnut Creek at the TWWTP mixing zone, and dechlorinated tap water everythree days. Samples were stored in a refrigerator at 4℃ until they were transported, in a cooler on ice, to the Auburn University Soil Testing Laboratory (Auburn, AL) for analysis of metals, suspended solids, and electrical conductivity.
Statistical Analyses
Daily and overall EROD activity results by treatment were analyzed statistically by one-way analysis of variance (ANOVA) with Bonferroni correction for pairwise comparisons. Results were considered to be significantly different if α < 0.05. Gene expression for CYP1B was 
Results
Hepatic EROD Activity
Resorufin and protein levels for pooled liver sample replicates were used to determine hepatic EROD activity by calculating the ratio of the concentration of resorufin per minute to the amount of protein in liver samples ( Figure  1 ). An elevated EROD activity was found for samples collected on day zero (day experimental exposures set up). These samples consisted of 15 catfish that were taken after fish were obtained from the hatchery and immediately prior to placement of fish in exposure conditions. The EROD activities for catfish exposed to dechlorinated tap water provided data to establish the baseline channel catfish EROD of 0.030 nmol/min/µg of protein.
It should be noted that by day 3, catfish under all exposure conditions had acclimated to their surroundings, with EROD activity levels returning to that of the dechlorinated tap water baseline level of 0.030 nmol/min/µg of protein. Some significant changes were found in daily EROD activity (Figure 1) . The maximum EROD activity was found in the TF exposure group on day 13 (0.31 nmol/min/µg of protein). Noticeable EROD activeity induction attributable to TF exposure started to appear on day 6 with a 2.7-fold increase from day 3 to day 6, a 3.5-fold increase from day 6 to day 9, and 1.2-fold increase from day 9 to day 13. Compared to the baseline achieved on day 3, TF showed a 10.3-fold induction in EROD activity by day 13. The level of EROD activity peaked in the TL exposure group on day 9, showing a 2-fold increase over day 6. However, the activity level for TL declined to the baseline level on day 13. Upon comparing EROD activity between two exposure groups ( Table 2) , TF showed significantly higher EROD activeity compared to UF on days 6, 9, and 13. The EROD activity for TL was significantly higher than UL on day 9.
The overall mean EROD activity (Figure 2 ) of fish exposed to the TWWTP mixing zone (TF) was significantly higher (p < 0.001) with a 5-fold increase over UF, and the mean EROD activity of TL showed a significantly higher EROD activity (p < 0.001) with 1.8-fold increase compared to UL exposed catfish.
Quantitative Real-Time RT-PCR Results
The relative gene expression for channel catfish CYP1B for five exposure groups taken on day 9 of the study are shown ( Table 3 ). The result of real-time RT-PCR, based on day 9 EROD activities, found CYP1B expression in TF was significantly higher than UF (p < 0.001) and TL was significantly higher than UL (p < 0.001). The relative CYP1B gene expression for TF was 6-fold that of UF. Expressions of four other metabolism related genes (metallothionein II, ferritin, P450 aromatase, and superoxide dismutase 2) are also shown. While the products of these genes may be involved in energy metabolism and chemical detoxication, apart from CYP1B, the biological significances of the levels found were not examined in the current study.
Liver Appearance and LSI
Over time, livers from TF exposed fish were noticeably larger and lighter in color than the livers from other exposure conditions. Daily and overall mean liver somatic indexes (LSI) were calculated by wet liver weight divided by total wet body weight times 100 ( Table 4) . Daily mean liver sizes within UF, UL, TL, and TP exposure groups did not increase significantly through the course of the study (p < 0.05). However, the LSI for TF increased significantly from day 0 to day 13 (p = 0.004). When overall mean LSI between exposures were compared, TF had a significantly higher LSI compared to all other exposures (p = 0.025). A comparison of EROD activity, CYP1B expression, and LSI for day 9 exposures (Figure 3) , showed that there was a significant positive relationship between EROD activity and LSI (p = 0.012), while other combinations were not correlated (p > 0.05).
Water Quality
Water quality data are shown ( Table 5 ). While the current study did not focus on identification of causal agents, comparisons of water quality (inorganics and physical properties) at the Walnut Creek upstream (UF), TWWTP effluent mixing zone (TF), and tap water (TP) revealed that Walnut Creek upstream contained the highest concentrations of magnesium, aluminum, iron, and manganese. Water from the TWWTP effluent mixing zone contained the highest concentrations of sodium, calcium, potassium, nitrate, boron, phosphate, and suspended solids, along with the highest dissolved oxygen, specific conductance, and temperature. Although tap water generally contained the lowest concentrations of every variable tested, tap water pH was the highest for samples taken. The freshwater Criterion Continuous Concentrations (CCC) [11] for aluminum and trivalent chromium were exceeded by all samples. The freshwater Criteria Maximum Concentration [11] for lead was also exceeded by all samples. 
Discussion
Some of the earliest changes to occur in an organism following exposure to an environmental pollutant occur at the cellular level as a result of xenobiotic and molecular interactions. Many of these effects can be indicated by changes in physiological parameters that may serve as sentinels of environmental pollution by organic chemicals, metals, and various other stressors. These biomarkers of chemical contamination can include alterations in the structural integrity of the cellular membrane, interference with the involvement of macromolecules in metabolic processes, alterations in genetic material and gene expression, inhibition or induction of certain enzyme activity, activation of the immune system, and interference with the regulation of cell growth [21] [22] [23] [24] [25] .
Wastewater treatment plant effluent has been extensively studied due to its complex chemistry and direct impact on the ecology of surrounding water resources [20] . However, determining the nature of this impact on native species for a specific area in a timely manner remains an important issue for risk management. This is certainly a concern for Walnut Creek which receives discharges from TWWTP and is potential habitat for channel catfish.
Although several studies have investigated induction of EROD in channel catfish in response to known toxic chemicals or environmental pollutants [26] [27] [28] [29] , little or no attention has been given to establishing the baseline EROD activity level in channel catfish in the field. Studies have mainly focused on increased "fold-induction" of EROD in experimental groups compared to a controlled group [28, 29] , or simply the level or presence of EROD activity [26, 27] .
In a previous study [13] using EROD as a biomarker of exposure and impact of TWWTP effluent, the use of upstream exposures suggested that components of upstream water and effluent produced synergistic effects that were beyond control, making it difficult to assess the impact of the effluent itself. The use of what was previ- ously considered a reference site with relatively low pollutants, actually induced higher EROD than the effluent. Not only did this study point to the need to establish a baseline EROD level in catfish, but it also pointed out the challenges of using a reference site for cohort studies.
In the present study, initial overall EROD activity on day 0 was high ( Figure 1) for unexposed fish sampled prior to initiation of exposures for the study. These data may be attributed to the stresses caused by confinement, handling, anoxia, and transportation from the hatchery to the testing sites [2, 30, 31] . The current study focused on eliminating or reducing the influence of unknown identities and quantities of chemicals on EROD induction by using dechlorinated tap water to establish a baseline EROD level in channel catfish. Juvenile fingerlings were used to avoid age and sex-linked variations, as they have shown higher EROD activities with less discrepancy between both sexes than adult fish [32] . After catfish acclimated to their surroundings by day 3, EROD for TP exposed fish was 0.03 nmol/min/µg of protein and remained constant throughout the study.
As with the 5-fold EROD increase in fish exposed to water at the TWWTP effluent mixing zone compared to Walnut Creek upstream of the facility, a field study conducted by Gagne and Blaise [33] on rainbow trout exposed to pulp and paper mill secondary wastewater treatment plant effluent water found a similarly elevated 9.4-fold EROD induction. Our data demonstrated that TWWTP effluent significantly impacted EROD induction in both field and laboratory scenarios. However, the greater EROD levels and fold differences found in in situ exposures suggest that EROD-inducing volatiles may be present in field exposures that are lost as water samples are transported to the laboratory.
Although it is not known which specific chemicals in TWWTP effluent mixing zone water caused induction of EROD activity, it can be deduced from the data that WWTP effluent contributed to the effect. The water sample collected at TWWTP effluent mixing zone exceeded standards for certain metals (aluminum, chromium, and lead) [11] . The levels of some metals (such as calcium, potassium, boron, sodium, and lead), phosphate, and nitrate were found to be higher in TF than UF, but other studies have shown that these chemicals can be antagonistic to EROD induction [8] . Moreover, of the other metabolic enzymes measured in the study, metallothionein II, ferritin, and P450 aromatase levels were less in TF than other exposures ( Table 3) . Therefore, the higher EROD levels in TF exposed fish, despite higher levels of these potentially antagonistic materials, suggested that there must be greater and effective levels of other inorganic and organic EROD inducing pollutants present. In further support of this reasoning, noticeable anatomical changes in the livers (enlarged and pale color) as well as higher LSI in catfish exposed to Walnut Creek were found at the effluent mixing zone.
The liver somatic index is known to be sensitive to pollutants, and LSI increases due to organisms' efforts to detoxify the intake of such toxins as polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs) [34] . Although identification of the cause for LSI changes was not within the scope of this study, the higher LSIs in TF compared to all other exposures, suggests that it was due to the higher concentration of pollutants in TWWTP effluent. Moreover, since Vosylienė [35] showed that LSI of fish exposed to a mixture of heavy metals (composite of copper, zinc, nickel, chromium, lead, cadmium, and magnesium) either decreased or showed no effect on LSI, our conclusion that there must be high levels of other inorganic and organic EROD inducing pollutants in TWWTP effluent is further supported.
When all aspects of ex situ and in situ setting exposures in our study were compared, it was found that in situ exposures provided several advantages over the ex situ setting. Using caged catfish of standard size and known exposure history in situ made it easier to normalize data; it was not necessary to transport large quantities of water to a different location; and the issue of having to recreate or maintain the water quality and conditions of the field location was eliminated.
In our comparison of field and laboratory data for daily and overall EROD activity, LSI and CYP1B gene expression, TF was found to be significantly higher for all parameters compared to TL and UF was higher than UL. These results emphasize the robustness of field exposures compared to using laboratory microcosms and mesocosms.
Conclusions
The use of biomarkers has been validated as a diagnostic tool for monitoring ecosystem health [2] . Biomarkers directly assess the impact of contaminants on biological systems. Monod [36] has suggested that CYP1 induction could be used as an early warning sign for more serious environmental effects, ranging from aquatic contamination to biological alterations in exposed organisms. Although CYP1 was classically recognized as specifically induced by polycyclic aromatic hydrocarbons (PAHs) and pesticide exposure, it is now known that it is not specific for one unique class of pollutants; it can be used as a biomarker to monitor the ecological risk of various chemicals in the environment [2, 36] .
The determination of baseline EROD activity level in channel catfish can have immediate application in water quality assessment where the goal is to determine if EROD levels are due to exposure to the contaminants and not inherent levels that exist within the species. Rather than selecting channel catfish from a reference site, which may have questionable levels of pollution or contamination, the established EROD baseline can serve as the reference. Also, an established baseline EROD induction can be useful for monitoring for slight disturbances in the environment [37] .
An induced level of EROD activity does not predict whether a single environmental contaminant will have a negative impact on the organism, since organisms are capable of further processing chemicals to be inactivated and/or eliminated from the body. Therefore, future studies are needed to determine relationships between the ranges of EROD activities -from those levels that reflect normal activity and are no threat to the survival of the organisms, to those that do indicate adverse effects -and toxic effects beyond the molecular level.
Troy Wastewater Treatment Plant effluent water induced significant EROD activity in channel catfish and combined with the liver somatic index, water chemistry, and physical changes, these data suggest that the pollutants in the TWWTP effluent may pose a possible threat to the survival of organisms and to the integrity of the Walnut Creek ecosystem. Our study also draws attention to the inadequacy of relying on exposing aquatic organisms (such as Daphnia and fathead minnows) in laboratory settings to assess the toxicity of wastewater rather than using in situ exposures that are much more indicative of the actual impact of contaminants at the site. Consequently we suggest that EROD or other molecular biomarkers be included in requirements for water quality assessment, even when the contributors to these water bodies are considered to have relatively low toxicity; particularly as these biomarkers could serve as early warnings for more serious biological impact.
